high deforestation rate of about 1.8% per year ( Bocco et al., 2001 ) . To determine the impact of recent anthropogenic fragmentation on cpDNA genetic variation and seed-mediated gene fl ow, we employed a design consisting of sampling in forest fragments both adult individuals, established before the large-scale fragmentation process, and seedling individuals, established after fragmentation. First, we document levels of haplotype diversity and compare them between adults and seedlings and analyze the correlation between genetic diversity and fragment size. Second, we use a general application of graph theory to analyze patterns of population connectivity among adult and seedling populations.
MATERIALS AND METHODS
Study site -This study was conducted in the catchment basin of Lake Cuitzeo, with an area of ~4000 km 2 . It is located in the Trans-Mexican Volcanic Belt in the northern part of Michoacán state and the southern part of Guanajuato state ( Fig. 1 ) . The climate is temperate with seasonal (summer) rainfall. The average annual temperature is 17 ° C, and annual rainfall is about 800 mm ( Carlón-Allende et al., 2009 ) . The soils and landforms in most of the basin are derived from volcanic materials (lavas and pyroclasts) ( López et al., 2006 ; Mendoza et al., 2006 ) . The dominant land covers and land uses form a highly fragmented landscape of scrubland, forests (mainly pine, oak, and mixed forests), and agricultural land, combined in a mosaic pattern ( López et al., 2006 ) . The basin has a very long history of human occupation encompassing thousands of years with an impact on vegetation ( Metcalfe et al., 1989 ) , but unprecedented habitat fragmentation has occurred during the last decades. Analyses of land cover and land-use changes indicated that the period 1986-1996 was characterized by high rates of deforestation and forest degradation in the basin (for more details, see Mendoza et al., 2011 ) . As a result of these processes, the once large, continuous oak populations have been reduced to a large number of small patches of variable size due to strong human pressures like growth of urban areas, expansion of the agricultural frontier, and the removal of trees for charcoal production ( López et al., 2006 ) . Study species -Quercus castanea Neé belongs to section Lobatae (the red oaks). It is a moderately large forest tree 10-18 m tall. It is wind-pollinated and monoecious. Adults produce fl owers from March to June and bear mature acorns from October to December. Quercus castanea has a broad geographic and altitudinal distribution, with populations in the Sierra Madre Occidental, the Central Plateau, the Trans-Mexican Volcanic Belt, and the Sierra Madre del Sur. The species is found throughout the entire Cuitzeo basin, except in the northeastern portion. In the study region, populations can be found at 2000 to 2800 m a.s.l. The main seed dispersers in the Cuitzeo basin are acorn woodpeckers ( Melanerpes formicivorus ) and golden-fronted woodpeckers ( Melanerpes aurifrons ) ( Schondube et al., 2010 ) .
Sampling -On the basis of a digitized vegetation map of the Cuitzeo basin, we identifi ed populations of Q. castanea situated at forest fragments of different sizes. In total, 33 fragments were chosen for sampling, ranging in area from 0.2 to 293.9 ha (mean ± SE, 44.4 ± 13.5 ha) ( Table 1 , Fig. 1 ). Within sites, 10 adult trees with diameters at breast height (DBH) equal or higher than 100 cm and separated by at least 20 m from each other were sampled from each population by taking a few young, intact leaves and immediately placing them on ice. Even though the relationship between DBH and age is not known for Q. castanea , a few stands in the Cuitzeo Basin that according to landowners were cut for the last time in the 1920s currently have Q. castanea individuals with maximum DBHs of about 80 cm (L. Herrera-Arroyo, personal observations). Therefore, this species probably grows as slowly as other red oaks (e.g., Loewenstein et al., 2000 ) , and selected individuals may conservatively be 80-100 yr old and thus pre-date the recent large-scale fragmentation. Ten seedlings (<30 cm tall and also separated by at least 20 m) were sampled per population. In the laboratory, samples were stored at -80 ° C until processed. In total, 650 individuals were analyzed.
Laboratory analyses -Genomic DNA was isolated from 100 mg of frozen leaf tissue using the Lefort and Douglas (1999) protocol. Seven chloroplast microsatellite loci were screened for polymorphism using previously designed 2005 ; Sork and Smouse, 2006 ) , reducing or preventing a negative impact of even chronic fragmentation on genetic diversity levels in remaining fragments. However, seed dispersal, which acts after pollen dispersal, can reduce the impact of pollen fl ow in established seedling populations ( Grivet et al., 2008 ; V. Sork et al., unpublished manuscript) . The extent to which fragmentation could affect seed dispersal will be infl uenced by the degree of isolation of remaining patches and its impact on the dispersal vector. Disruption of seed fl ow is expected to have important demographic consequences because an interruption of recolonization of new sites could increase the extinction risk of the metapopulation on the long term.
A major methodological problem in the study of seed dispersal is the diffi culty associated with recovering seeds that have been already dispersed and then determining unambiguously the maternal parent from the nuclear genotype of seedlings ( Godoy and Jordano, 2001 ; Sork and Smouse, 2006 ) . For species with maternally inherited chloroplast DNA (cpDNA), genetic markers have been used effectively in resolving phylogeographical patterns and for inferring historical connectivity among populations at broad geographical scales ( Dumolin-Lapegue et al., 1997 ; Soltis et al., 1997 ; Schaal et al., 1998 ; Newton et al., 1999 , Grivet et al., 2006 . Unfortunately, for most plant species, the polymorphism in cpDNA markers on a regional scale is not usually suffi cient to document patterns of genetic diversity and gene fl ow through seeds at the landscape level ( Banks and Birky, 1985 ) . However, at least in the case of some plant species, cpDNA simple sequence repeat (cpSSR) loci might bear enough within-population variation to make these studies feasible ( Pleines et al., 2009 ). For such species, the use of these markers would be ideal for analyzing consequences of habitat fragmentation on seed-mediated connectivity because haploid cpDNA is expected to be more sensitive to the effects of drift, given its lower effective population size and the usually limited dispersal distances of seeds.
A recent analytical development in the fi eld of landscape genetics has been the application of graph theory to the study of connectivity among populations ( Dyer and Nason, 2004 ; Garroway et al., 2008 ; Rozenfeld et al., 2008 ) . This method provides a powerful framework to characterize processes that take place in complex interconnected systems, such as gene fl ow through geographical landscapes ( Garroway et al., 2008 ) . This framework offers the possibility of simultaneously visualizing the genetic relationships among all studied populations instead of relying on the usual pairwise differentiation statistics and addressing a variety of questions concerning genetic differentiation, isolation by distance, population assignment, and historical genetic connectivity ( Dyer and Nason, 2004 ) . This methodology has been recently used to characterize genetic connectivity in different natural systems ( Li et al., 2007 ; Giordano et al., 2007 ; Garroway et al., 2008 ; Rozenfeld et al., 2008 ; Fortuna et al., 2009 ) .
In this paper, we test the hypothesis that seed dispersal maintains high cpDNA haplotype diversity within populations and seed-mediated connectivity among highly fragmented populations of Quercus castanea Née (Fagaceae) within a regional metapopulation in Mexico. Forests in Mexico are rapidly being cleared and fragmented for agriculture, cattle grazing, and urban areas ( Arredondo-León et al., 2008 ) . Statistics of current deforestation rates in Mexico show that approximately 167 000 ha of temperate forests are lost per year ( Masera et al., 1997 ) , equivalent to an annual deforestation rate of 0.64%. In particular, Michoacán state, where this study was undertaken, has a very distances than expected from genetic distances indicate long-distance dispersal, while signifi cantly shorter spatial distances than expected suggest the existence of a barrier to dispersal ( Garrick et al., 2009 ; Sork et al., 2010 ) .
We also used POPGRAPH to test for isolation by distance among populations. In this case, instead of a traditional pairwise matrix of genetic differentiation regressed against a matrix of geographical distances among populations, we used a matrix of graph distances. The graph distance between two nodes i and j is the shortest path through the graph connecting them, l ij , which corresponds to the among population component of genetic variance ( Dyer and Nason, 2004 ) . We applied a regression of log graph distances on log geographical distances using a Mantel test because of the lack of independence of data.
We further assessed connectivity among populations by calculating three other properties from the networks ( Freeman, 1978 ; Costa et al., 2007 ) : (1) betweenness centrality (i.e., the number of shortest paths from all vertices to all others that pass through a node, which measures the importance of each node to the whole network), (2) node degree (i.e., the number of connections that a node has to other nodes), and (3) closeness (i.e., the number of steps separating a given node from every other node). These analyses were conducted using IGRAPH ( Csardi, 2009 ) To test for differences in population connectivity between the seedlings and the adults, we compared the three network properties between both networks using nonparametric Wilcoxon tests. The correlation of the three connectivity metrics with fragment size was determined with Spearman correlation analyses. These tests were conducted with the JMP program ( SAS Institute, 2005 ) .
RESULTS
Genetic diversity and structure -The cpDNA diversity of Quercus castanea populations in the study area was extremely high. With seven microsatellite loci, a total of 26 alleles were identifi ed in the adult stage and 36 alleles in the seedling stage. These alleles combined into 70 cpDNA haplotypes, from which 53 were shared between the two life stages, while 10 were exclusively observed in the adults and seven in the seedlings. The number of haplotypes observed per population ranged between 1 and 6 (mean ± SE, 3.6 ± 0.26) in the adults and between 1 and primers: cmcs6, cmcs7 and cmcs12, developed from Q. petraea ( Sebastiani et al., 2004 ) , ccmp2 from Nicotiana tabacum ( Weising and Gardner, 1999 ) , and udt1, udt4 and ucd4, from Q. robur and Q. petraea ( Deguilloux et al., 2003 ) . The multiplex amplifi cations were performed using the Qiagen (Germantown, Maryland, USA) Multiplex Kit, in 5-µl reactions as following: 1 × multiplex PCR Master Mix, 2 µmol/L of each primer and 5 ng of DNA. Forward primers were fl uorescently labeled. The thermal cycling program included an initial denaturation step at 94 ° C for 4 min; then 25 cycles each at 94 ° C for 30 s, annealing at 45 ° C for 30 s, and extension at 72 ° C for 30 s; and a fi nal extension at 72 ° C for 10 min. Multiplex products were diluted 1 : 1 in H 2 O and run in an ABI PRISM 3100-Avant Sequencer with the GeneScan-500 Liz size standard included (Applied Biosystems, Foster City, California, USA). Fragment analysis and fi nal sizing was performed using Peak Scanner version 1.0 (Applied Biosystems).
Data analyses -Genetic diversity-For each adult and seedling population, we estimated the number of haplotypes and the haplotype diversity ( h S ) with the Arlequin 3.0 software ( Excoffi er et al., 2005 ) . To evaluate whether the number of haplotypes and h S values differ between adults and seedlings, a nonparametric Wilcoxon test was performed. The relationship between the number of haplotypes and h S with fragment size was determined with Spearman correlation analyses separately for adults and seedlings. The JMP program ( SAS Institute, 2005 ) was used for these tests.
Connectivity analysis-The connectivity among Q. castanea populations was analyzed separately for adults and seedlings using the POPGRAPH software ( http://dyerlab.bio.vcu.edu/software.html ; Rodney Dyer, Virginia Commonwealth University, Richmond, Virginia, USA). This analysis creates a network of population linkages and describes the amount of genetic variation within populations ( Dyer and Nason, 2004 ) . In the POPGRAPH framework, the set of nodes represents sampled populations, and the edges represent the multivariate measures of genetic covariance among populations. The difference in node size refl ects differences in within-population genetic variability, while the edge length represents the among-population component of genetic variation due to the connecting nodes. Thus, this analysis examines specifi cally the connections among individual populations that maintain genetic connectivity among all populations ( Dyer and Nason, 2004 ) . Additionally, we compared pairwise physical distances among populations with the corresponding pairwise edge lengths with a χ 2 test ( Garrick et al., 2009 ; Sork et al., 2010 ) . Signifi cantly longer spatial Fig. 4B ). In general, the degree of connectivity among populations was signifi cantly lower in the seedling network than in the adult network, according to the likelihood ratio and Wilcoxon tests for the comparison of closeness and node degree ( χ 2 = 48, df = 1, P < 0.0001 and χ 2 = 4.6, df = 1, P = 0.03, respectively) but not for betweenness centrality ( χ 2 = 0.32, df = 1, P = 0.57). The three connectivity metrics were not correlated with fragment size in the adults and the seedling networks.
DISCUSSION
Our study shows evidence that fragmentation has affected seed movement of the current generation in comparison to the previous generation. Because Quercus castanea populations in the Cuitzeo basin have very high levels of haplotypic diversity 8 (mean 3.8 ± 0.30) in the seedlings ( Table 1 ). The mean (SE) h S value for the adult populations was 0.610 (0.04) and 0.635 (0.04) for the seedling populations. The values of haplotype number and h S did not differ signifi cantly between adults and seedlings according to the Wilcoxon tests ( P > 0.05).
In the adult populations, the number of haplotypes and h S values were not correlated with the area of the forest fragments ( Fig. 2A, 2C ). However, in the seedling populations the correlation between haplotype number and fragment size was positive and signifi cant ( Fig. 2B ) and marginally signifi cant for h S and fragment size ( Fig. 2D ) . Furthermore, a positive correlation of the difference in haplotype number between the two life stages (i.e., seedlings − adults) in each fragment, with fragment size ( Fig. 3 ) indicates that on the smaller fragments seedlings have on average less haplotypes than the adults, but in the larger fragments seedlings have on average more haplotypes than the adults.
Connectivity analysis -The POPGRAPHS networks representing the minimal topologies for 33 adult populations and 32 seedling populations are presented in Fig. 4A and 4B , respectively. In total, the adult network had 50 edges, while the seedling network had 38 edges. In the adult network, 10 edges (20%) were signifi cantly longer than expected from genetic distances, and 10 (20%) indicated barriers to dispersal. In the seedling network, four edges (10%) indicated long-distance dispersal, and two edges (5%) indicated barriers ( Fig. 5A and 5B ). The tests not in the case of the adult populations. Furthermore, the correlation of the difference in the number of haplotypes (i.e., the number of haplotypes in the seedlings minus the number of haplotypes in the adults) in each fragment with fragment size, suggests that the smaller fragments actually tend to have less haplotypes in the seedlings than in the adults, while the reverse is true for the larger fragments. Therefore, the reduction at maternally inherited cpSSR loci (70 haplotypes in total) in both the adult and seedling stages, we were able to use these markers to analyze recent seed movement. Such high levels of diversity were also found in a separate study of Q. castanea across the complete distribution area of the species (J. M. Peñaloza-Ramírez et al., Centro de Investigaciones en Ecosistemas, Universidad Nacional Autónoma de México, unpublished data). These levels of genetic diversity are much higher than those reported in investigations on oak species in previously glaciated areas of North America and Europe ( Deguilloux et al., 2004 ; Magri et al., 2007 ; Marsico and Hellmann, 2009 ) and moderately higher than found in oak populations of California, which was not glaciated during the Pleistocene ( Grivet et al., 2006 ) . Thus, the very high haplotype diversity values found in Q. castanea even at the regional scale of the Cuitzeo Basin (~4000 km 2 ), made it possible to evaluate the effects of recent anthropogenic forest fragmentation on seed-mediated gene fl ow, through detailed comparisons of genetic diversity and connectivity between adult and seedling samples, as well as evaluating correlations of genetic diversity and connectivity metrics with the size of the fragments.
Effects of fragmentation on genetic diversity -We did not fi nd an overall difference in the number of haplotypes and haplotype diversity ( h S ) between the adult and seedling populations. However, these two diversity values had a positive correlation with fragment size in the case of the seedling populations, but [Vol. 100 most of these studies have been based on nuclear markers and in very few cases cpDNA markers have been used ( Petit et al., 2002 ; Zhang et al., 2012 ) .
Recent reviews have pointed out that the key factors determining the consequences of forest fragmentation on the genetic composition of plant populations are the patterns of genetic variability of the original populations previous to fragmentation, the effective population size within fragments, and the number of generations elapsed in fragmentation conditions ( Nason and Hamrick, 1997 ; Hamrick, 2004 ; Aguilar et al., 2008 ) . Plant species most likely to be affected by habitat fragmentation are those that are abundant and distributed continuously across a broad geographic range, rather than those that have a natural patchy distribution ( Holsinger, 1993 ) . Quercus castanea is a species that probably has maintained large and continuous populations during its evolution, associated with a considerable amount of in haplotype number for the seedling populations in the smaller fragments is compensated by an increase in the larger fragments, explaining the absence of an overall difference between adults and seedlings.
These results are what would be predicted under a scenario in which parental trees were established when larger and more continuous forests existed, and individuals that established after fragmentation are the offspring being produced in populations with smaller effective population size and experiencing restricted levels of seed fl ow, particularly in the smaller fragments. Studies on several tree species in fragmented landscapes have also reported a reduction in genetic diversity levels in recently established individuals in comparison to older individuals, and/or a positive correlation of diversity levels with fragment size ( Fernández-M. and Sork, 2005 ; Jump and Peñuelas, 2006 ; Aguilar et al., 2008 ; Ortego et al., 2010 ; Zhang et al., 2012 ) . However, Fig. 4 . Network topologies of connectivity relationships among (A) adult populations (before fragmentation) and (B) seedlings populations (after fragmentation) of Quercus castanea . Differences in node size and edge length refl ect the differences in within and between population variance. Numbering of populations is as in Table 1 . (84%) were not signifi cantly longer or shorter than expected from spatial distances between populations, in contrast with the adult network, where a higher proportion of long-distance gene exchanges and barriers to dispersal were observed. Moreover, closeness and node degree were signifi cantly higher in the adult network ( Table 2 ) . However, connectivity metrics were not correlated to fragment size, suggesting that factors like topographic features, degree of isolation, and the movement routes of seed dispersers probably play a role in the pattern of connectivity.
These results suggest that the whole metapopulation system may become more fragile and vulnerable as a result of the reorganization of the overall gene fl ow pattern as a consequence of fragmentation. From the adult populations to the seedling populations, the network loses connections and gets simpler, and most of the gene fl ow concentrates along fewer paths. This seed fl ow disruption may have serious consequences because of the impact on the recolonization of new sites, which will increase the extinction risk of the metapopulation on the long term, even if it is true that pollen fl ow could provide more extensive gene exchange in this fragmented landscape.
Our interpretation that connectivity is reduced in seedling vs. adult populations relies on certain assumptions. First, from one generation to the next, the effects of mutation and homoplasy should be negligible, which is plausible in the time frame of our comparison. Second, the frequency of haplotypes should not differ between age classes as a result of selective factors, that is, haplotypes should be selectively neutral. Both of these assumptions are strongly supported in the literature. The mutation rate of cpDNA microsatellites has not been established with certainty, but is usually estimated to be in the range of 10 −5 to 10 −4 mutations per generation per locus ( Navascués et al., 2009 ; Heuertz et al., 2010 ) . With seven loci, the mutation rate per haplotype would be between 7 × 10 −4 and 7 × 10 −3 per generation, which is still suffi ciently low to be negligible. Even though there is ample evidence that cpDNA is broadly under strong purifying selection (e.g., Muir and Filatov, 2007 ) , it is not likely that size variants at the studied microsatellite loci are affected by selection at the geographic and time scales involved in this study ( Wright et al., 2008 ) .
Conclusions and implications for conservation -From the conservation standpoint, an important advantage of the network analysis over more traditional approaches is that it can contribute to defi ne the conservation priority of populations, not only depending on genetic diversity levels, but also in terms of their importance as pathways to gene fl ow across a landscape. For example, in the present study, we identifi ed two populations in the network of adults showing particularly high betweenness, closeness, and node degree (Coro[19] and Sis2[31]), even though these populations did not have the highest number of haplotypes or haplotype diversity values ( Tables 1 and 2 ). Apparently, anthropogenic disturbance has affected gene fl ow patterns across these populations as evidenced by the much lower connectivity values obtained for the same populations in the seedlings network. Currently, the two more important populations in terms of connectivity seem to be Font [12] and Cepa[9] ( Table 2 , Fig. 4B ). It is interesting to notice that while connectivity values decreased in the majority of the seedling populations in comparison to the adults, these values increased in several populations (for example, population Font[12] ). This fi nding suggests that emphasis should be given to the conservation of fragments with higher probability of retaining connectivity.
A combined approach to conservation planning that considers both population genetic diversity levels and network connectivity haplotype diversity (J. M. Peñaloza-Ramírez et al., Centro de Investigaciones en Ecosistemas, Universidad Nacional Autónoma de México, unpublished data), but the effects of forest fragmentation that has occurred within the last decades are already detectable on haplotype variation of seedlings established in the smaller fragments. Since cpDNA is more sensitive to effects of drift due to its smaller effective population size, it would be interesting to compare these results with diversity values at nuclear markers, to further assess the utility of analyzing cpDNA variation in this type of study.
Effects on population connectivity -The pattern of population connectivity we observed indicates a signifi cant impact of fragmentation. We found a reduction in the overall connectivity among seedling populations in comparison to the adult populations. Overall, we detected a signifi cantly lower number of connections (edges) among populations in the network of seedlings (38) than in the network of adults (50). Since in the POPGRAPH framework the populations connected by edges are those exchanging migrants and therefore exhibiting signifi cant conditional covariance ( Dyer and Nason, 2004 ; Dyer et al., 2010 ) , this result indeed suggests a reduction in seed exchange among populations in the present generation in comparison to the previous generation. Additionally, in the seedling network, most edges is recommended. Our results illustrate that even if the effects of habitat fragmentation on levels of diversity within populations may affect the smaller fragments initially, the disruption of connectivity among populations suggests that eventually local populations in larger fragments could also be at risk for losing genetic diversity.
In conclusion, this study demonstrates that haplotype diversity and seed dispersal among sites is reduced in fragmented landscapes. The unique characteristic of high chloroplast haplotype diversity in Mexican oak populations has allowed us to isolate the process of seed dispersal to test the impact of forest fragmentation at a regional scale that is not possible in many study systems. We did not assess the extent to which pollen fl ow would mitigate the loss of nuclear genetic diversity caused by the disruption to seed dispersal, but we assume that wind pollination in oaks should be effective for maintaining genetic connectivity unless sites are extremely isolated. However, lack of seed movement will have demographic consequences in the long run if recolonization of deforested sites is needed in sites that could be restored.
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